Objective: We investigated the daily dose of vitamin D needed to achieve serum 25-hydroxyvitamin D [25(OH)D] sufficiency among schoolchildren at risk for deficiency.
T he optimal "healthy" blood concentration of 25-hydroxyvitamin D [25(OH)D] is under active debate in the medical and nutrition communities. Currently, the American Academy of Pediatrics and the Institute of Medicine contend that children should achieve a serum 25(OH)D concentration of at least 20 ng/mL, a "threshold" based primarily on the literature base for prevention or treatment of rickets (1). However, longitudinal studies in adults (2, 3) and limited and primarily cross-sectional studies in pediatric populations (4) (5) (6) are demonstrating that a serum 25(OH)D concentration .30 ng/mL corresponds to decreased health risks. On the basis of this evidence, the Endocrine Society has recommended striving for serum 25(OH)D concentration $30 ng/mL for prevention of osteoporosis or diseases that may derive benefit from an improved vitamin D status among both children and adults, defining concentrations between 20 and 29 ng/mL as "insufficiency" and ,20 ng/mL as "deficiency" (7) . Of note, although the focus of this study was not prevention of rickets, a recent international consensus statement set a 25(OH)D threshold for vitamin D deficiency as ,12 ng/mL, further illustrating the controversy (8) .
Nonetheless, children are consuming less than half the Institute of Medicine's current vitamin D intake recommendation of 600 IU/d (1, 9), in part contributing to 21% of healthy weight children and 34% of obese children falling below the 25(OH)D target of 20 ng/mL (10) . Furthermore, more than two-thirds of children have concentrations below 30 ng/mL, including 80% of Hispanic children and 92% of non-Hispanic black children (10, 11) . Compounding the problem, both obese children/ adolescents (12) (13) (14) and minority racial/ethnic groups (15, 16) have shown blunted 25(OH)D responses to supplementation. Furthermore, children living in the northeastern part of the United States are at particular risk because of living at northern latitudes where the skin is unable to synthesize vitamin D from exposure to the sun during the winter months (17) .
Currently, there is a research gap regarding the impact of different supplemental doses of vitamin D on vitamin D status among diverse children at high risk for deficiency. It may be that the current recommendation of 600 IU/d, although adequate to raise or maintain serum 25(OH)D concentrations at $20 ng/mL, may not be effective in raising serum 25(OH)D concentrations to $30 ng/mL, especially over the winter months. Therefore, the overall objective of the current study was to determine the appropriate vitamin D supplementation requirements for children living at northern latitudes to achieve 25(OH)D sufficiency. Our secondary goal was to investigate in a randomized controlled trial what happens to serum 25(OH)D concentrations after supplementation is discontinued. We examined these aims in healthy schoolchildren from socioeconomically disadvantaged and racially diverse communities with high obesity rates in the northeastern United States, for whom our previous data showed an extremely high prevalence of vitamin D deficiency (18, 19) .
Methods

Study design
The Daily D Health Study was a randomized double-blind clinical trial examining the impact of three supplemental doses of vitamin D 3 (600, 1000, or 2000 IU/d) on serum concentrations of 25(OH)D over 6 months in urban schoolchildren. As previously reported, children were recruited from schools and upon study entry were randomly assigned to a dose and given a corresponding bottle with a 3-month supply of vitamin D pills. A restricted block randomization schedule was used by nonstudy staff to ensure balance at the study start, which allocated participant identification numbers to one of three concealed treatments (dose A, dose B, or dose C) with corresponding supplement containers labeled with the same letters (A, B, or C). The letter-to-actual dose map was held in a sealed envelope under lock and key by the statistician.
Children were subsequently followed up for another 6 months after supplementation to measure changes in serum 25(OH)D levels (20) . Children were randomly assigned at the baseline study visit (October to December) and completed follow-up visits at 3 (January to March), 6 (April to June), and 12 (September to November) months, which included blood draws and anthropometric, dietary, and skin color measures. All study visits occurred in the child's school before the school day. The study protocol and study documents were approved by Tufts University's institutional review board, and both parental informed consent and child assent were obtained.
Study subjects
Schoolchildren in the fourth through eighth grades (aged 8 to 15 years) during the 2011-2012 and 2012-2013 school years were recruited from four urban school districts in the surrounding Boston, Massachusetts (42°N), area (20) . Exclusion criteria included vitamin D supplement use and having rickets, cystic fibrosis, kidney disease, sarcoidosis, irritable bowel syndrome, epilepsy, or HIV/AIDS. Birth date, race/ethnicity, and data on socioeconomic status were reported by parental questionnaire. Parents identified their child's racial/ethnic background, and children were subsequently aggregated as white/Caucasian, Hispanic/Latino, black/African American, Asian, and multiracial/other. Parents also reported their child's eligibility for free or reduced-price lunch and annual household income. Enrollment, randomization scheme, and final sample distributions by dose group are presented in the CONSORT diagram (Fig. 1) .
Anthropometric measures
Height and weight were measured in triplicate as previously described (19) (20) (21) . Body mass index (BMI) was calculated and converted into a percentile and z score according to the Centers for Disease Control and Prevention age-and sex-specific growth charts (22) . Pubertal status was assessed at baseline using a selfadministered questionnaire (23) .
Dietary intake and supplement use
Daily vitamin D intake from dietary sources was captured using the Block Kid 2004 Food Frequency Questionnaire (NutritionQuest, Berkeley, CA) as described previously (19, 21, 24) . Subjects were asked to refrain from any vitamin D supplement use for the month before study start and for the 6-month supplementation period. Supplements were manufactured specifically for the study as small grape-flavored chewable tablets and bottled in 3-month supplies at 600, 1000, or 2000 IU (Tishcon Corporation, Westbury, NY). Compliance to study supplement use was evaluated by returned pill bottle counts as previously reported (24) . At the 12-month study visit, subjects were asked if they had taken any vitamin D supplements (including multivitamins) after the study stopped providing them and, if so, how often they had taken them in the past week.
Skin color
Constitutive and facultative skin colors were measured at anatomical sites on the upper inner arm and posterior forearm, respectively, with reflectance colorimetry using the Chroma Meter 400 (CR-400; Konica Minolta, Ramsey, NJ) by trained research assistants following an established protocol, as reported previously (21, 25) , where tanning (changes in facultative skin color) was significantly associated with serum 25(OH)D concentration independent of race/ethnicity. Skin color was classified into six categories using individual typology angle:
Biochemical markers
Blood was drawn after an overnight fast as previously reported (21) . Total serum 25(OH)D concentration was measured at Boston University Medical Center using the validated liquid chromatography-mass spectrometry method, including fractionation of 25(OH)D 3 and 25(OH)D 2 in serum (27) . 25(OH)D 3 and 25(OH)D 2 calibration control solutions were generated from National Institute of Standards and Technology reference standards provided by Calbiochem (San Diego, CA). The analysis was performed using a TSQ Quantum Ultra triple mass-spectrometer (Thermo Finnigan Corp., San Jose, CA). Serum 25(OH)D status was classified as severely deficient (,12 ng/mL), deficient (12 to 19 ng/mL), insufficient (20 to 29 ng/mL), and sufficient ($30 ng/mL) (7) .
Intact parathyroid hormone (PTH) was measured using IMMULITE Intact PTH chemiluminescent assay (Diagnostic Products, Los Angeles, CA). Serum calcium, phosphorus, and alkaline phosphatase were measured using an end point assay in a multichannel analyzer (Roche Diagnostics, Indianapolis, IN). Safety of vitamin D supplement use was assessed by the concentration of serum calcium at the 3-and 6-month study visits.
Statistical analyses
Sample size calculations based on 90% power for a difference in 25(OH)D as low as 2 to 6 ng/mL yielded an approximate sample size of 182 per group. In this intention-to-treat analysis, differences in serum 25(OH)D concentrations and other blood biomarkers among the three dose groups (600, 1000, or 2000 IU/d) over time were analyzed using linear mixed models with repeated measurements at three time points (3, 6 , and 12 months) and an unstructured covariance structure. Because linear mixed models directly account for the correlation among the multiple measurements taken over time on the same participant, they yield valid inferences between groups and within time points (28) . A P value ,0.05 was considered statistically significant in all analyses. Data were analyzed using SAS version 9.3 (SAS Institute, Cary, NC).
Results
Of the 685 participants who were eligible, enrolled, and randomly assigned at baseline, 604 had follow-up visits at 3 and/or 6 months and constituted the final study sample (Fig. 1) . Table 1 presents characteristics of this sample (n = 604; mean age, 11.7 years) at baseline by vitamin D dose group. On the basis of BMI percentiles for age and sex, almost half (46.4%) of children were considered overweight or obese, whereas 59.6% were classified as racial/ethnic minorities, and 68.2% were eligible for free or reduced-price school meals.
At baseline, mean 6 standard deviation serum 25(OH)D concentration was 22.0 6 6.8 ng/mL, with 5.5% of children being severely deficient (,12 ng/mL) and 88.6% being less than sufficient (,30 ng/mL). Few reported having taken a supplement containing vitamin D before the start of the study (11.7%), and vitamin D intake was well below the recommended 600 IU/d, averaging 130.3 6 92.9 IU/d.
Mean serum 25(OH)D concentrations were similar among the three dose groups at baseline [ Fig. 2(a) ; Table 2 ]. Compliance in taking the vitamin D supplement appeared to be high and did not differ by dose group at 3 months or 6 months (24) . Across doses and time points, the median percentage of vitamin D pills taken ranged from 87% to 92%. Compliance also did not differ significantly by race/ethnicity at either 3 or 6 months (data b Overweight was defined as 85th to 94th BMI percentile; obese was defined as $95th BMI percentile.
c Serum 25(OH)D status was defined as follows: ,12 ng/mL = severe deficiency; 12 to 19 ng/mL = deficiency; 20 to 29 ng/mL = insufficiency; $30 ng/mL = sufficiency. Fig. 2(b) ]. Even more striking is that 59.9% of children in the 2000 IU/d group attained sufficient levels ($30 ng/mL) at 3 months and only 4.7% remained deficient (12 to 19 ng/mL) at 6 months compared with 22.9% and 15.0% deficient in the 600 and 1000 IU/d dose groups, respectively. Severe deficiency (,12 ng/mL) was virtually eliminated in all three dose groups at 6 months. Laboratory values for alkaline phosphatase, calcium, phosphorus, and PTH are presented in Table 3 . There were no significant changes in any of these values over the 6-month supplementation period and no significant changes in these biomarkers across dose groups.
All three dose groups demonstrated a significant fall in mean serum 25(OH)D concentration at the 12-month visit [ Fig. 2(a) 5%) . At the 12-month visit, similar percentages of children across dose groups reported taking a supplement containing vitamin D since the conclusion of the supplementation period (13.5%, 12.5%, and 16.8% in the 600, 1000, and 2000 IU/d dose groups, respectively). Facultative skin color was different between baseline and 12 months (11.4 at baseline vs 9.2 at 12 months; P , 0.01), although this difference was small and not likely clinically meaningful.
In subgroup analyses, white children had significantly higher mean baseline serum 25(OH)D concentrations than children in all other racial/ethnic groups (whites, 24.8 ng/mL vs 17.9 ng/mL for blacks, 20.8 ng/mL for Hispanics/Latinos, 18.8 ng/mL for Asians, and 21.7 ng/mL for multiracial/other; P , 0.001); however, there were no baseline differences in serum 25(OH)D concentration by weight status (22.4, 21.9, and 21.1 ng/mL for normal weight, overweight, and obese children, respectively; P = 0.15).
There were similar responses to supplementation across races/ethnicities for the 600 IU/d and 1000 IU/d dose groups (Fig. 3) . In the 2000 IU/d group, black children had the greatest response to supplementation (mean 6 standard error increase of 17.1 6 2.2 ng/mL over 6 months), whereas the Asian group had the lowest response over the 6-month supplementation period (11.0 6 1.7 ng/mL over 6 months). There were only small differences in serum 25(OH)D concentrations among weight status categories in the 600 IU/d and 1000 IU/d dose groups (P = 0.05 and 0.04, respectively; Fig. 3) . However, the response to supplementation was lowest among obese children supplemented with 2000 IU/d (mean increase of 6.7 6 1.3 ng/mL vs 11.8 6 1.1 and 13.1 6 1.7 ng/mL for normal weight and overweight children, respectively, over 6 months). Six months after supplementation, all subgroups experienced a fall in serum 25(OH)D concentration. There were no differences in serum 25(OH)D concentrations among weight status categories at 12 months, whereas serum 25(OH)D differences among racial/ethnic groups mirrored baseline differences. The recommended daily allowance (RDA) for vitamin D in children has been debated in recent years and was increased from 400 to 600 IU/d in 2012 (1). Researchers recognized that the RDA most likely needed to be higher and emphasized the need for additional studies on different groups of children to determine responses to supplementation. Therefore, we chose to measure the effect of the current RDA of 600 IU/d on serum 25(OH)D concentrations as well as two higher, reasonable, and safe doses (29) to determine whether the (13, 30, 32) , which supports our findings in black but not in Asian children. Moreover, a recent study found the converse, with African American children being less responsive than white children to 4000 IU/d, although the authors attributed this finding to compliance issues (16). We did not observe any differences in supplement compliance across racial/ethnic groups.
The opposite response to 2000 IU/d occurred for obese children in our study, who had a suppressed serum 25(OH)D response compared with those of normal weight and overweight children despite no differences in serum 25(OH)D concentrations at baseline across weight status categories. No differences in baseline 25(OH)D concentrations among a small sample of obese and nonobese African American children was also reported by Rajakumar et al. (12) , whereas national data demonstrate a higher prevalence of deficiency among obese children. The few studies that have examined the response of obese and nonobese children to supplementation found blunted responses to supplementation (12, 13, 33) . Notably, our study is the only one that evaluated three supplemental doses, and the disparity occurred only with the highest dose. This may be due to differences in metabolism or more sequestration of vitamin D in adipose tissue in response to higher doses in obese children (34) .
It is striking that 6 months after supplementation, mean serum 25(OH)D concentrations did not return to baseline values in any of the dose groups, nor were there differences among children from different racial/ethnic groups or between weight status categories. There was also no meaningful difference in facultative skin color (sun exposure) between baseline and the 12-month visit, and sun exposure during the summer months was similar among racial/ethnic groups (21) . Although only 14% of children self-reported taking some form of vitamin D supplement during the summer, more may have done so and offset the return to baseline 25(OH)D concentrations. A more interesting possibility is that serum 25(OH)D may take longer to return to presupplementation values, which would necessitate further investigation (35) .
The study is not without its limitations. Given our prior research on the relatively high prevalence of vitamin D deficiency and insufficiency in this population (18, 19) , schoolchildren were randomly assigned to a supplemental dose without knowledge of their baseline 25(OH)D status, which would have been extremely difficult given the community-/school-based nature of this research. Similarly, we did not include a placebo group for ethical reasons. Dietary intake of vitamin D was by child selfreport from a food frequency questionnaire. Vitamin D supplement use between the 6-and 12-month visits was by parent self-report and did not include data on the exact dose consumed. BMI percentile was used as a measure of adiposity because other body composition measures, such as waist circumference, could not be performed in the school setting.
However, the strengths of our study include a unique strategy to reach a large, diverse sample of healthy children at risk for vitamin D deficiency due to diet, northern latitude, high prevalence of overweight/obesity, and the inclusion of several racial/ethnic groups. Our supplementation with three different doses spanned a 6-month period that included the winter months, when vitamin D synthesis does not occur from sunlight exposure in this region of the United States. We had a high level of participant retention and supplement compliance (20, 21, 24) . We also examined serum 25(OH)D 6 months after supplementation.
Conclusion
Schoolchildren who are at higher risk for vitamin D deficiency and insufficiency appeared to benefit from daily supplementation of 2000 IU/d compared with lower doses closer to the current RDA for dietary vitamin D intake to achieve sufficiency, as defined by a 25(OH)D concentration of $30 ng/mL. Severe deficiency (,12 ng/mL) was nearly eliminated after 6 months of supplementation of 600, 1000, or 2000 IU/d. Notably, these benefits of supplementation occurred over the winter months in the northeastern United States, when serum 25(OH)D levels tend to fall. Obese children were less responsive to the higher 2000 IU/d dose, whereas children of certain races/ethnicities responded better than others to supplementation, findings that warrant further investigation.
